Cardiorenal syndrome (CRS) is a well-known complication from heart failure (HF) in humans and is defined as concomitant disorders of the heart and kidneys, whereby "acute or chronic dysfunction in one organ may induce acute or chronic dysfunction of the other" \[[@r24]\]. One human study demonstrated that renal failure is very common in patients suffering from congestive HF, observed in one-third of all admissions \[[@r27]\]. Low cardiac output, elevation of both intra-abdominal and central venous pressures, and neurohormonal and inflammatory activation are involved in pathophysiology of CRS. Renal dysfunction, secondary to poor cardiac function, has been documented in humans and dogs \[[@r5], [@r22], [@r23]\].

Chronic mitral valvular insufficiency (CMVI) is the most common cause of HF in small breed dogs and is characterized by progressive myxomatous degeneration of the atrioventricular valves \[[@r4]\]. Long-standing or acute HF causes poor tissue perfusion and may induce ischemic injury to vital organs, including the kidneys \[[@r6]\].

Cystatin-C or cystatin 3 (Cys-C) is a recently developed biomarker of kidney function and has recently been studied for its role in predicting new-onset or deteriorating kidney diseases \[[@r9], [@r18], [@r25]\]. Cys-C has a low molecular weight (approximately 13.3 kilodaltons), and it is removed from the bloodstream by glomerular filtration in the kidneys. Serum levels of Cys-C are a more precise test of kidney function (as represented by the glomerular filtration rate, GFR) than serum creatinine (CRE) levels \[[@r18], [@r25]\]. Several studies in dogs and cats found Cys-C was a good marker for detecting renal injuries \[[@r1], [@r2], [@r12], [@r17], [@r20]\], although serum Cys-C levels had been increased in dogs with various non-renal diseases (e.g. immune-mediated, endocrine, dermatologic, cardiologic and neoplastic) \[[@r2], [@r9], [@r17], [@r28]\]. Symmetric dimethylarginine (SDMA) is a recently developed renal biomarker which is closely correlated with GFR in dogs \[[@r21]\] and cats \[[@r7]\], because it is only excreted by the kidneys after degradation. Similar to CRE, SDMA is specific to renal function and is not increased by other systemic diseases including hepatic and endocrine diseases. Recent studies found the elevation of SDMA was noticed earlier than that of CRE in animals with chronic kidney disease \[[@r14]\].

The aim of this study was to evaluate the serum Cys-C and SDMA concentrations in dogs with CMVI at varying degrees of HF.

MATERIALS AND METHODS {#s1}
=====================

Study population
----------------

Prior to this study, we obtained the approval of the animal ethics committee of Kangwon National University to obtain blood samples from healthy dogs for serum Cys-C and SDMA assays. Informed written consent for sample collection, including information pertinent to our investigation, were obtained from the dog owners, prior to the commencement of our study. Our study population consisted of two groups. The normal control group consisted of 10 healthy, age-matched small-breed dogs (2.7--7.9 kg), between 7 and 14 years of age with no evidence of cardiovascular or other systemic disease apparent on physical examination, complete blood count, chemistry panel, chest radiography and echocardiography. The CMVI group included 33 small breed dogs (2.4--8.7 kg) aged between 7--15 years. All dogs with CMVI had been presented for a cardiology consultation, because of previous identification of a heart murmur, because of the presence of clinical signs indicating cardiovascular disease or both. All dogs underwent physical examination, echocardiography, complete blood count and blood chemistry evaluation. We excluded dogs that had other clinically relevant systemic diseases, such as renal failure and hypertension, by routine renal examinations including urinalysis, renal ultrasound and blood pressure measurement. The diagnosis of CMVI was made on the basis of clinical signs, chest radiography and echocardiographic findings, according to published guidelines for the diagnosis of CMVI in dogs \[[@r4]\]. The dogs with CMVI were divided by the criteria proposed by the International Small Animal Cardiac Health Council (ISACHC) for the functional classification of HF. Some dogs with symptomatic CMVI were being medicated for heart disease, depending on its severity, with drugs, such as enalapril, furosemide, spironolactone, pimobendan, digoxin and amlodipine.

Analysis of serum Cys-C and SDMA concentrations
-----------------------------------------------

To minimize the influence of feeding, all dogs were fasted for 12 hr before the collection of blood samples. Whole blood was withdrawn from either the cephalic or jugular veins for determination of serum levels of Cys-C and SDMA. Blood samples were drawn directly into sterile vacutainer^®^ tubes (BD, Franklin Lakes, NJ, U.S.A.) and then centrifuged at 1,500 × *g* for 10 min at 4°C. The supernatants were stored at −80°C or dry ice for shipping or testing. Serum Cys-C levels were measured using a commercial ELISA based kit (Dog Cystatin C ELISA kit, MyBioSourse, San Diego, CA, U.S.A.), according to the manufacturer's recommendation. The Cys-C ELISA kit applies the competitive enzyme immunoassay technique utilizing a monoclonal anti-Cys-C antibody and a Cys-C-HRP conjugate. Prior to a study, the test kit and method were completely validated for use with dog serum. We also tested serial dilutions of the samples in duplicate. N-terminal pro brain natriuretic peptide (NT-proBNP) and SDMA concentrations were determined by reference laboratory (IDEXX Laboratories, Westbrook, ME, U.S.A.). Concentrations of serum urea nitrogen (UN) and CRE were determined with an automated biochemistry analyzer (VetScan VS2, Abaxis, Union city, CA, U.S.A.).

Echocardiography
----------------

Vertebral heart score (VHS) was determined using a lateral thoracic radiograph of each dog, as described in elsewhere \[[@r10]\], prior to echocardiography. Echocardiographic examinations were conducted in accordance with recommended standards for dogs. M-mode, Doppler and 2-dimensional echocardiography were performed in left and right lateral recumbency using a ultrasound machine with a 3--9 MHz phase transducer (Acuson X-300, Siemens, Mountain view, CA, U.S.A.). M-mode echocardiography was used to measure left ventricular dimension in systole (LVIDs) and diastole (LVIDd). 2-D echocardiography was used to measure left atrium (LA) and proximal aortic (Ao) diameter from the right parasternal short axis at the aortic valve level. These measurements were used to determine the LA to proximal Ao diameter and LVIDd to Ao diameter ratios (LA/Ao and LVIDd/Ao, respectively).

Statistical analysis
--------------------

Statistical analyses were performed using commercially available statistical software (SPSS 15.0 for Windows, IBM, New York, NY, U.S.A.). Descriptive statistics were calculated for quantitative variables by study group and analyzed for normality using the Kolmogorov-Smirnov test. One-way ANOVA or Kruskal-Wallis testing was used to compare mean concentrations of renal markers among study group. When differences among the groups were detected, Tukey's multiple comparison test was used as a posthoc analysis to identify groups that differed significantly (*P*\<0.05). Pearson's coefficient of bivariate correlation analysis was used to test the strength of the association between renal markers (e.g. UN, CRE, Cys-C and SDMA) and echocardiographic markers used for evaluation of disease severity. In all comparisons, a probability value of *P*\<0.05 was considered statistically significant, unless stated otherwise.

RESULTS {#s2}
=======

The mean serum Cys-C concentrations were 1.4 ± 0.4 mg/*l* in control, 2.1 ± 0.9 mg/*l*in ISACHC I, 2.9 ± 0.8 mg/*l* in ISACHC II and 3.6 ± 0.6 mg/*l* in ISACHC III ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Concentrations of cystatin C (Cys-C), symmetric dimethylarginine (SDMA), creatinine (CRE) and N-terminal pro brain natriuretic peptide (NT-proBNP) in this study group. 0: healthy control (n=10), 1: ISACHC I (n=8), 2: ISACHC II (n=10), 3: ISACHC III (n=15). ISACHC (international small animal cardiac health council). \* *P*\<0.05 Control vs ISACHC I, II and III. ^\#^*P*\<0.05 ISACHC I vs. ISACHC II and III.), whereas the mean serum SDMA concentrations were 8 ± 2 *µ*g/d*l* in control, 14 ± 3 *µ*g/d*l* in ISACHC I, 18 ± 6 *µ*g/d*l* in ISACHC II and 22 ± 7 *µ*g/d*l* in ISACHC III ([Table 1](#tbl_001){ref-type="table"}Table 1.Mean ± standard deviation values of test parameters in this study populationISACHCAge\
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yrskgmg/d*l*mg/d*l*mg/*lμ*g/d*l*pmole/*l*0Mean8.05.0180.78.81.11.41.38396SD2.42.770.20.40.10.10.422001Mean10.73.9190.89.01.5^a)^1.8^a)^2.1^a)^14^a)^1,337^a)^SD3.12.380.40.00.30.30.931,4222Mean12.15.034^a,b)^1.2^a,b)^10.5^a,b)^1.9^a,b)^2.1^a,b)^2.9^a,b)^18^a,b)^2,853^a,b)^SD2.82.2190.40.70.30.30.862,6343Mean11.34.946^a,b)^1.4^a,b)^11.9^a,b)^2.6^a,b)^2.8^a,b)^3.6^a,b)^22^a,b)^3,546^a,b)^SD1.91.4350.61.10.70.61.372,754ISACHC (international small animal cardiac health council), BW (body weight), UN (urea nitrogen), CRE (creatinine), VHS (vertebral heart scale), left atrium to aorta ratio (LA/Ao), left ventricular diastolic dimension to aorta ratio (LVID/Ao), cystatin-C (Cys-C), Symmetric dimethylarginine (SDMA), N-terminal pro brain natriuretic peptide (NT-proBNP). a) Statistically significance between control and heart failure groups, *P*\<0.01. b) Statistically significance between asymptomatic and symptomatic heart failure groups, *P*\<0.01., [Fig. 1B](#fig_001){ref-type="fig"}). The mean serum UN concentrations were 18 ± 7 mg/d*l* in control, 19 ± 8 mg/d*l* in ISACHC I, 34 ± 19 mg/d*l* in ISACHC II and 46 ± 35 mg/d*l* in ISACHC III, whereas the mean serum CRE concentrations were 0.7 ± 0.2 mg/d*l* in control, 0.8 ± 0.4 mg/d*l* in ISACHC I, 1.2 ± 0.4 mg/d*l* in ISACHC II and 1.4 ± 0.6 mg/d*l* in ISACHC III ([Table 1](#tbl_001){ref-type="table"}, [Fig. 1C](#fig_001){ref-type="fig"}). The mean serum NT-proBNP concentrations were 396 ± 200 pmole/*l* in control, 1,337 ± 1,422 pmole/*l* in ISACHC I, 2,853 ± 2,634 pmole/*l* in ISACHC II and 3,546 ± 2,754 pmole/*l* in ISACHC III ([Table 1](#tbl_001){ref-type="table"}, [Fig. 1D](#fig_001){ref-type="fig"}). A statistically significant difference in serum Cys-C, SDMA and NT-proBNP concentrations was found between the control and the HF groups (ISACHC I-III) (*P*\<0.05) and between asymptomatic (ISACHC I) and symptomatic (ISACHC II and III) groups (*P*\<0.05).

Upper limit of UN, CRE, Cys-C and SDMA set at 25 mg/d*l*, 1.4 mg/d*l*, 1.4 mg/*l* and 14 *µ*g/d*l*, respectively, based on veterinary references \[[@r1], [@r8], [@r19]\]. Numbers of dogs having higher value than upper limit of UN were 1/10 in control, 3/8 in ISACHC I, 7/10 in ISACHC II and 9/15 in ISACHC III, whereas those of CRE were 0/10 in control, 1/8 in ISACHC I, 5/10 in ISACHC II and 6/15 in ISACHC III. In addition, numbers of dogs having higher value than upper limit of Cys-C were 2/10 in control, 5/8 in ISACHC I, 10/10 in ISACHC II and 15/15 in ISACHC III, whereas those of SDMA were 0/10 in control, 6/8 in ISACHC I, 9/10 in ISACHC II and 14/15 in ISACHC III.

Using univariate analysis, close correlations among renal markers (i.e., Cys-C, SDMA, CRE and UN) were found ([Table 2](#tbl_002){ref-type="table"}Table 2.Correlation of heart failure stage, SDMA and cystatin-C concentration to other variablesISACHCSDMACys-CRPRPRPAge0.2920.070.3010.0540.2990.07BW0.050.7510.1170.4550.2970.059ISACHC\--0.73200.6960UN0.4610.0020.76600.6160CRE0.55500.64800.6410VHS0.71600.4940.0010.4010.009LA/Ao0.79300.66600.4810.001LVID/Ao0.80100.490.0010.3690.017Cys-C0.69600.7660\--SDMA0.7320\--0.7660NTproBNP0.51400.4240.0050.2960.06ISACHC (international small animal cardiac health council), BW (body weight), UN (urea nitrogen), CRE (creatinine), VHS (vertebral heart scale), left atrium to aorta ratio (LA/Ao), left ventricular diastolic dimension to aorta ratio (LVID/Ao), cystatin-C (Cys-C), symmetric dimethylarginine (SDMA), N-terminal pro brain natriuretic peptide (NT-proBNP).). Serum Cys-C and SDMA concentrations were not correlated to age or body weight, but closely correlated to the severity of HF (i.e., ISACHC) and echocardiographic markers (i.e., LA/Ao and LVID/Ao). Serum SDMA concentration was weakly correlated to serum NT-proBNP concentration and VHS, while serum Cys-C concentration was not correlated to these two variables ([Table 2](#tbl_002){ref-type="table"}).

DISCUSSION {#s3}
==========

Azotemia and renal impairment increase with the severity of HF and are frequent findings in dogs with CMVI \[[@r22]\]. Therefore, the early detection of renal impairment associated with HF potentially plays a key role in long-term management of HF in dogs. The current tests available for detecting renal impairment in dogs, involve measuring GFR, urine concentrating ability and detecting proteinuria and abnormal urinary sediment \[[@r8]\]. Because significant correlation between GFR and severity of renal failure was found, indirect measurement of GFR using CRE and UN concentration is more widely used for early detection of renal diseases in dogs \[[@r8]\]. Several studies found that the Cys-C is an ideal maker for reduction in GFR, because of constant production and plasma concentration in the absence of GFR impairment, low intraindividual variability, and absence of plasma protein binding, tubular secretion, tubular reabsorption without catabolism and extrarenal clearance \[[@r26]\]. Furthermore, one human study found the Cys-C is a better marker for detecting renal dysfunction than serum CRE \[[@r11]\]. Recent veterinary studies also found the SDMA is strongly correlated with GFR in dogs \[[@r21]\] and cats \[[@r7]\] and is elevated from earlier stage of chronic kidney diseases, compared to serum CRE \[[@r14]\]. Unlike CRE, the SDMA was not affected by lean body mass and is more precisely estimated in aged and diseased dogs and cats \[[@r16]\].

This study clearly found progressive elevation in renal markers in dogs with advancing heart disease, suggesting that the reduction of GFR might be worsened with the progression of cardiac dysfunction. According to a recent canine study, the SDMA started to rise from \~40% loss of nephron in dogs \[[@r14]\], while the creatinine did from \~70% loss of nephron \[[@r8]\]. In this study, the SDMA was higher than reference range in 9/10 and 14/15 dogs with ISACHC II and III, respectively, while the CRE was higher in 5/10 and 6/15 dogs, respectively. This finding suggested the SDMA could detect renal impairment earlier than the CRE in dogs. Although the Cys-C is a promising renal marker for canine kidney disease, test standardization and reference range have yet been clearly established in dogs. One study found the mean Cys-C concentration in the healthy dogs and the dogs with renal failure was 1.08 ± 0.16 mg/*l* (range 0.76--1.44 mg/*l*) and 4.37 ± 1.79 mg/*l* (range 1.12--9.13 mg/*l*), respectively \[[@r1]\]. Based on this reference, we set upper normal limit at 1.44 mg/*l* in the Cys-C test of this study. With this reference range, all dogs with ISACHC II and III had higher levels of Cys-C than upper normal limit. With assumption of SDMA \>14 *µ*g/*dl* indicating renal impairment, the statistical analysis found \>2.34 mg/*l* of Cys-C indicated the evidence of renal impairment. With this new reference range, the Cys-C was higher in 7/10 and 13/15 dogs with ISACHC II and III, respectively. This finding suggested the Cys-C could also detect renal impairment earlier than the CRE.

The increased levels of Cys-C and SDMA in dogs with advanced stage HF (i.e., ISACHC II and III) in this study group suggested the risk of renal impairment to be higher in dogs with more advanced heart disease, failure and its treatment. Reduction in GFR and the presence of azotemia are well known complications to advanced HF and its therapy, in the dog \[[@r22]\]. In addition, serum Cys-C and SDMA found to be well correlated with GFR in dogs \[[@r1], [@r12], [@r14], [@r16], [@r17], [@r19]\]. One study found the GFR was lower in NYHA class III-IV dogs than in class I to II dogs \[[@r22]\]. Although serum CRE and UN tests are widely used to detect a reduction in GFR in dogs \[[@r8]\], those tests in dogs are often influenced by breed, age, diet and exercise \[[@r8]\]. Unlike serum CRE and UN, the SDMA does not appear to be influenced by age, body weight or gender \[[@r15]\], although recent studies found that the Cys-C concentration was influenced by age and body weight \[[@r3], [@r9]\]. However, our study strongly suggested that the Cys-C was not influenced by age or body weight.

Interestingly, 6/8 dogs with asymptomatic HF (i.e., ISACHC I) in this study had higher SDMA levels than reference range, while 3/8 and 1/8 dogs had higher UN and CRE levels, respectively. This result suggested many dogs with asymptomatic HF could suffer the reduction of GFR from reduction of renal perfusion, although they are clinically asymptomatic. This is particularly important to clinicians, as we may be overlooking the risk of renal injuries in dogs with asymptomatic HF. Therefore, early intervention for preventing renal injuries is necessary for successful management of heart failure in dogs.

The serum Cys-C and SDMA concentrations in this study varied widely in dogs with CMVI. This might be due to the fact that the reduction of GFR might vary based on the variable degree of neurohormonal response to a fall in cardiac output, the type of cardiac medication being utilized, and/or the degree of pre-existing and on-going renal injuries. In some dogs in which, kidney function has stabilized after acute injury, the GFR can be increased by compensatory mechanisms, and serum Cys-C and SDMA concentrations may return towards normal. Therefore, the type of renal injury (e.g., ischemia) and the compensatory response influence the serum Cys-C and SDMA concentrations.

There are several limitations in this study. Firstly, although serum CRE concentration was found to be less influenced by long-term enalapril administration in dogs with CMVI, the therapy with enalapril and furosemide tended to increase the UN \[[@r13]\]. Because our dogs with advanced HF had many cardiac medications, specifically or secondarily reducing the GFR, the influence of drugs on serum Cys-C and SDMA levels still warrants investigation. Secondly, furosemide can reduce the GFR and thus can influence the levels of renal markers in dogs having higher dose of furosemide. Because the levels of SDMA and Cys-C were still higher in asymptomatic HF dogs having no furosemide than control dogs, our study findings is less likely influenced by furosemide administration, although a further study is required to clarify the influence of furosemide in serum Cys-C and SDMA levels. Thirdly, although recent studies have found that serum Cys-C was well correlated with the reduction of GFR in dogs \[[@r1]\], the methodology and the accuracy for serum Cys-C in dogs have yet been clearly established. Lastly, the study population was small and may not have provided sufficient statistical power to adequately reflect the correlation of serum Cys-C and SDMA to the severity of HF in CMVI dogs.

In conclusion, our study demonstrated that the GFR was decreased in dogs with CMVI having earlier stages of HF, based on results from serum Cys-C and SDMA tests, and thus, earlier intervention for preventing renal injuries even in asymptomatic HF dogs is necessary for successful long-term management of HF in dogs.
